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Laughlin, Maren R., Joni Taylor, A. Scott Chesnick, 
Michael DeGroot, and Robert S. Balaban. Pyruvate and 
lactate metabolism in the in vivo dog heart. Am. J. Physiol. 264 
{Heart Circ. Physiol. 33): H2068-H2079, 1993.-"P>Tuvate in- 
creases the phosphorylation potential in perfused heart to a 
greater extent than the closely correlated substrate L-lactate. 
Therefore, metabolism of these compounds was studied in the 
myocardium of intact dogs. Phosphocreatine/ATP was in- 
creased 23% at 5.3 mM plasma pyruvate but was not signifi- 
cantly increased by lactate except at the highest concentration 
(17.5 mM in blood). Calculated [ADP] fell during pyruvate in- 
fusion from 51.5 ± 2.0 to 38.6 ± 3.3 ^M but did not change 
significantly during lactate infusion. Intracellular free [Mg^"^) 
fell from 705 ± 53 to 498 ± 30 mM at the highest pyruvate 
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infusion. Extraction of both substrates was linear at low con- 
centrations, reaching 0.56 ^niol lactate • min~ ' • g wet wt^* at 
17.5 mM blood lactate and 0.58 fimoX pyruvate- min~^ g wet 
wt'^ at 5.3 mM plasma pyruvate. Therefore, lactate uptake was 
almost five times lower than pyruvate uptake at similar concen- 
trations. Elevated pyruvate (>3 mM) resulted in almost com- 
plete inhibition of net lactate uptake. Infused {3-^^Cllactate or 
-pyruvate gave rise to labeled glutamate and alanine in vivo, but 
labeled lactate was not visible when [3-'''C]pyruvate was the 
substrate. The ^''C enrichment of myocardial lactate was similar 
to alanine and acetyl CoA with infused [3- ^^C] lactate but was 
only one-half that of alanine and acetyl CoA when [3-^''C]- 
pyruvate was the substrate, indicating a possible inhibition of 
lactate dehydrogenase. . f 

oxygen consumption; redox potential; myocardial metabolism; 
phosphoru8-31 nuclear magnetic resonance; carbon- 13 nuclear 
magnetic resonance; phosphocreatine; phosphorylation poten- 
tial; adenosine 5' -triphosphate; magnesium; glutamate; alanine; 
intracellular pH ■ 

IT HAS BEEN SHOWN that many substrates, when pro- 
vided to the perfused heart,- can dramatically raise the 
resting phosphorylation potential (3, 14, 28, 43, 50) as 
well as alter the response of the phosphorylation poten- 
tial to work (3, 9, 50). These ■compounds include acetate, 
fatty acids, and pyruvate. Refcent studies have also dem- 
onstrated that this can occur in vivo with elevated /5-hy- 
droxybutyrate (21). This work raises the possibility of a 
relationship between the utilization o^ different sub- 
strates and the regulation of oxidative phosphorylation 
in vivo'dT). 

Beciause of the complexity of both the in vivo model 
and intracellular substrate metabolism, we have chosen 
to compare the effects of two related compounds, lactate 
and pyruvate. Pyruvate and lactate both enter the 
trichloroacetic acid (TCA) cycle through pyruvate de- 
hydrogenase (PDH). vet pynivate has been shown tf 
nave a larger effect on the phosphorylation potential in 
the perfused heart (3, 28, 50). Of these two substrates, 
lactate is the physiolosrical source of reducing eqiiiva- 
lents (7, 12). Its extraction is proportional to the circu- 
lating concentration and provides <25% of substrate for 
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oxidation at normal physiological levels (^^0.5 mM; see 
Refs. 7, 25). At elevated concentrations, even those that 
occur during heavy exercise in humans, the heart is able 
to obtain 60-90% of its oxidizable carbon source from 
lactate (1, 7, 20). Pyruvate is an oxidized form of lactate, 
and the two compounds actually enter the heart cell 
through the same pH-dependent monocarboxylate 
transporter (37, 44, 46). In isolated cardiac myocytes, 
pyruvate and lactate have a similar maximum velocity of 
uptake (V^ax; 2.7 vs. 1.9 nmol min-^ /il intracellular 
space' ^), but pyruvate has the greater affinity for the 
transporter (Michaelis constant (K^) = 70 mM for pyru- 
vate vs. 2.3 mM for L-lactate; see Ref. 37]. The trend is 
similar in cardiac sarcolemmal vesicles, where the 
for lactate transport is '--27 vs. -^5.0 mM for pyruvate 
(37, 44). Once inside, pyruvate can be used directly by 
the mitochondria, whereas lactate is readily converted 
to pyruvate by the heart isozyme of lactate dehydipge- 
nase (LDH), .which has an activity of 5,574 U/g Ay wt 
and is thought to be near equilibrium (38). ' ' • 

A further advantage of comparing the effects of lactate 
and pyruvate on energy production in vivo is that their 
^^C-nuclear magnetic resonance (NMR) profiles were 
measured by Sherry et al. (41) in perfused heart and can 
be compared with the spectra taken in vivo. Perfusion 
with ^'^C-labeled pyruvate gives rise to labeled gluta- 
mate, aspartate, alanine, citrate, malate, lactate, and 
acetylcarnitine, whereas [3-^^C]lactate perfusion results 
primarily in labeled glutamate. The reasons for the dif- 
ferences in these labeling patterns may be due to cyto- 
solic. NADH production and malate-aspartate shuttle 
activity. 

The purpose of this study was therefore to evaluate 
the different effects of lactate and pyruvate on energy 
metabolism in the in vivo caiiine heart under normal 
substrate conditions using ^ ^ P- and *^C-NMR.and organ 
balance techniques. 

METHODS 

Animal preparation. Twenty-three female beagles (body wt 
26.5 ± 0.9 lb.) that had been fasted overnisht were surgically 
prepared' essentially as previously described (21. 25). They were 
sedated with 20 mgAg iv thiopental sodium, intubated, and 
ventilated with 50% 09-0.8% halothane-No using a servo-pe- 
diatric ventilator (Siemens-Elema AB 900Di^Solna, Sweden). A 
cannula was placed in a carotid artery and attached to a non- 
magnetic transducer (Cobe Laboratories, Lakewood, CO) for 
monitoring blood pressure and heart rate. Arterial blood sam- 
ples were drawn for blood gases. A second catheter was placed in 
the left external jugular for mhision of substrates and Ringer 
solution to maintain hydration. Potassium and bicarbonate 
were added as needed. A bipolar pacing lead was inserted into 
the right atnum via the fight external jugular vein. A median 
sternotomy allowed exposure of the heart, and pericardial fat 
was removed by blunt dissection and cautery. 
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In the eight dogs used for ^^P-NMR and myocardial extrac- 
tion measurements, a coronary sinus-venous shunt was placed 
so that the arterial -venous difference of 02, glucose, lactate, and 
pyruvate could be measured (see Refs. 21, 25 for detaib). One 
end was securely inserted into the coronary sinus through the 
right atrium and the other into the right external jugular vein to 
return the blood to the circulation. Heparin solution was 
dripped through the shunt to prevent clot formation. The shunt 
included a flow probe (Transonics Systems, Ithaca, NY) and a 
stopcock for venous blood sampling. Arterial blood samples 
were drawn from the carotid artery. At the end of the experi- 
ment, the left ventricle was dissected away from the rest of the 
heart, blotted dry, and weighed. 

In '^^C -NMR tracer experiments, a small branch off of the left 
anterior descending artery (LAD) was isolated near the base of 
the heart and cannula ted in a retrograde direction for the local 
infusion of tracer to the left ventricle as was previously de- 
scribed (25). A heparinized solution was infused continuously at 
30 ml/h to prevent clotting of this catheter. In two dogs, another 
catheter was placed in a vein on the anterior surface of the heart 
to measure ' 'C enrichment in the venous drainage from the 
apex during infusion of ***C-labeled substrate into the LAD. 

For NMR experiment*, a 2-cm surface! receiver roil was su- 
tured to the pericardium over the apex, and the probe body was 
secured in place on styrofoam blocks that also served to spread 
the ribs. The chest was protected against heat and water loss 
with plastic wrap, and the entire animal was wrapped in a space 
blanket (Boy Scouts of America, Charlotte^ NC) and placed on 
a warmed circulating water blanket. 

Chemical analysis. Blood pH and ion concentrations were 
measured with a Ciba-Corning 288 blood gas system (Ciba- 
Corning Diagnostics, Medfield, MA), which also estimated he- 
matocrit using the following formula: hematocrit = total hemo- 
globin X 2.941. O2 content was measured using an associated 
2500 CO-oximeter (Ciba-Corning Diagnostics). Glucose and l- 
lactate in' whole blood were measured vnth a Yellow Springs 
2300 STAT glucose/lactate analyzer (Yellow Springs; OH). For 
the chemical analysis of pyruvate and alanine, heparinized 
blood was immediately centrifuged and the. plasma, was ex- 
tracted with 2 vol of cold 6% perchloric acid. Standard enzyme- 
linked assays were performed (2, 36). 

Protocols, The following general protocol wis followed for all 
experiments. After a basal period of 20-30 mih, sodium-L-lac- 
tate or sodium-pyruvate was freshly made in sterile water (pH 
6.0-6.5) and inftised into the animals while measurements were 
made. The tidal volume and O2 concentration in the inspired air 
were originally adjusted to give an arterial pH of -^7.33. 
This was done because of the tendency of the pH to drift up- 
ward during systemic pyruvate or lactate infusion (4). Care was 
taken to maintain the arterial pH below 7.5 throughout the 
experiment and to correct arterial potassium, calcium, and 
magnesium. 

PhosphoruS'31 NMR and substrate extraction. After a 30- 
min control period in which basal ^T-NMR spectra and two 
extraction measurements were made, 600 mM L-lactaiie or pyru- 
vate (Sigma, St. Louis. MO) was infljsed at different rates for 30 
min at each rate. Blood samples were removed from the carotid 
artery and the coronary sinus every 15 min for extraction mea- 
surements of glucose, lactate, and O2 and every 30 min near the 
end of each infusion period for measurement of pyruvate. Pyru- 
vate experiments had infusion rates of 30, 60, 120, and 180 ml/h, 
.^nd lactate experiment-s had rates nf 60, 120, 180, and 240 ml/h 
; rie I' NMR spectra were taken throughout 

Carbon-i:^ NMR tracer experiments. After five basai ' < 
\MH spectra [22.b mm), an infusion of Na-L-1;3 ' 'CJ lactate [n 
= 4) or Na[n ' ^Clp>Tuvatc {n - i) (MSD Isotopes. St. Louis, 
MO; 0.10 mmol/min) was started into the LAD catheter, and 
spectra were acquired for an additional 70 min. Insulin (40 



mU/min) was inliued into the jugular vein to mawit^ iTf carbo- 
hydrate metabolism, along with a variable giuooae drip to pie- 
vent hypoglycemia. An additional three do0i were wed to eval- 
uate the effecU of elevated pyruvate on the metabolisin of 
labeled lactate. Either a tubing shunt was placed in the coronary 
sinus as above or a catheter was poaitiooed in the coronaiy sinus 
through the right jugular vein. Unlabeled pyruvate was infuaed 
into the left jugular vein in graded doses until lactate uptake (as 
measured from arterial -coronary sinus differences) returned to 
its basal level or below (<0.02 Minol min"* -g wet wt~M. llie 
pyruvate infusion was continued at this rate while 0.10 mmol/ 
min [3-^^C]lactate was infused into the LAD for 45 min and 
^^C-NMR spectra were acquired. 

In three experiments from each group, dogs were removed 
from the magnet, and 1-2 g of tissue from the apex were freeze 
clamped in situ while the labeled infusion continued Care was 
taken to avoid or to remove excess blood from the cardiac cham- 
bers in these samples. The tissue was homogenized using a 
Virtishear homogenizer (Virtis, Gardiner, NY) in 10-20 vol 6% 
perchloric acid neutralized with 5 M KOH and lyophilized. 
Extracts were reconstituted in a 100 mM phosphate buffer, pH 
7.17, made in D2O (99.9%, MSD Isotopes), and used for proton 
and carbon NMR analysis. 

Label exchange. LAD and venous catheters were placed in 
the anterior surface of the left ventricle in two dogs. The [3- 
^^CJlactate and unlabeled pyruvate were infused together into 
the LAD at a rate of 0.10 mmol/niin for 40 min. Voibus blood 
samples were drawn at 15 and 35 min, and the heart* wifta freeze 
clamped at 40 mini After blood glucose and lactate were mea- 
sured, the blood was immediately extracted with oof-half vol- 
ume of cold 18% perchloric acid. The precipitated pnitein was 
centrifuged away, and the acidic supernatant was immediately 
examined with proton NMR for lactate and p^rvvate 
enrichment. 

NMR measurements. All in vivo NMR experinMi;its .were 
performed using a General Electric q>ectrpaieter ||>eeniont, 
CA) equipped with a 47-tesla, 26-cm bore horizonjtal magnet 
(Oxford Instruments, Oxford, UK). For ^^P-NMR e^j«rim 
the two-turn, 2 -cm diam surface coil was tuned to SLOll MHz 
(21). For ^^C-NMR experiments, the probe contadn^ two con- 
centric surface coils. The inner two-turn, 2-cm inductor was 
tuned to 50.32 MHz for caifaon excitation, and the outer 4-cm 
copper foil coil was tuned to 200.12 MHz for proton decoupling 
and nuclear Overhauser effect.(NOE) develc^ment (25). Shim- 
ming of the water resonance (35-50 Hz for ^'P experiments, 
60-90 Hz for f^C experiments) was achieved during gating of 
the spectrometer to the respirator while the heart w^ paced to 
a hannonic of the respirator rate. The difference in homogene- 
ity was due to signal acquired from the chest wall by the large 
proton coil in the '^C-NMR experiments. The gating pulse was 
generated using an m-house program runninie on a DEC 
MINC-11 computer (Digital Equipment, Merrimack, NH). 

Phosphorus and carbon spectra each consisted of 128 tran- 
sients that were gated to the respirator (2-8 inteipulae delays). 
The pulse width was optimized at this repetition rate on the 
PCr peak for P spectra and on the large fisit peak at 30 ppm for 
'"^C spectra (usually 80 f»s for each). In spectra, proton 
decoupling (MLEV64. 30 W) was used during acquisitioD, and 
NOE development was produced during relaxation with km 
power (2-3 W). A control spectnmi was subtracted from each 
experimental spectrum. For both and ^'P experiments, 2-3 
free induction decays were mutinely combined to increase the 
signal -to- noise ratio. The spectra were then zero filled and pro- 
cessed with 10-20 Hz of exponential line broadening. Peak areas 
for all spectra were determined by integration. 

Spectra of extracts were taken on a Bruker AC-300 (Bruker 
Instruments, Wihnington, DE) using a commercial 5-oun 
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broadband probe. Proton spectra consisted of 32 or 64 tran- 
sients using 90** pulses and 10-s interpulse delays. Proton-de- 
coupled ^'^C spectra were acquired without NOE development 
using 90" pulses and 20-3 delays (1,280-2,560 transients). These 
were zero filled and exponentially broadened. Areas were deter- 
mined by integration in the proton spectra and by Lorenzian 
peak fitting in the ^^C spectra (GLINFIT software. A. D. Bain, 
Bruker Spectrospin Canada). 

Ccdculation of intracellular free [Mg^^] and [ADP], Free 
[Mg^^] was determined from the chemical shifts of a- and 
i^-ATP in the in vivo ^*P-NMR spectra using the following 
equation 

where the Mg-ATP dis.sociation constant (/CD(Mg-ATP)] = 
0.045 mM, 6.,^ is the chemical shift difference between the ^T- 
NMR a- and /3-ATP peaks, and ^^^Mg-ATP = 8.31 and 6„^ATP 
= 10.93 are the shift differences when Mg^"^ is saturating and 
absent, respectively (15). Free [Mg^^] was also determined from 
the chemical shift of the methylene carbons of citrate in ^^C- 
NMR spectra whenever this compound was visible (n = 4) using 
a similar equation, where KoCMg-citrate) = 0.46 mM and the 
chemical shifts of Mg^^-citrate and Mg^'^-free citrate are 44.95 
and 46.82 ppm, respectively (5). [ADP] could then be calculated 
from the PCr kinase equilibrium constant (K^^), which is de- 
pendent on both intracellular pH and free (Mg^^]. The follow- 
ing equation was used 

[ATP]x[Cr] 
l^^^ K^(Mg2^pH)x[PCr] 

where Keq(Mg2",pH) was calculated from equations in Ref. 26 
and the control values for [PCr]/[ATP] (1.9), [ATP] (6.6 mM), 
and total creatine (27.3 mM) were taken from Ref. 16. 

Calculation of ^^C enrichments from extract spectra. The en- 
richment of alanine and lactate, as well as the ratio of total 
alanine to lactate, was determined from proton spectra of heart 
extracts. The protons bound to an unlabeled methyl carbon 
appear as a doublet. Those bound to a (one-half spin) are 
split into two pairs of peaks that resonate on either side of the 
central doublet, with a J coupling of 128 Hz. The enrichment 
with '^C is the ratio of the area of the two side peaks to the 
combined area of the central and side peaks. The ^-^C enrich- 



ment of acetyl CoA, which gives rise to TCA cycle intermedi- 
ates, can be calculated from the splitting pattern of glutamate 
resonances in the '^C spectrum of heart extracts (29). The 
fraction of labeled acetyl CoA is equal to the doublet in the C-4 
multiplet at 34.4 ppm multiplied by the ratio of total C-13 in 
glutamate C-4 to C-3 (27.9 ppm). This calculation does not 
depend on a steady state of the tracer metabolism. 

RESULTS 

Heart rate, arterial blood pressure, coronary sinus 
blood flow, and the high energy phosphates visible in 
^*P-NMR spectra of the left ventricular apex were mea- 
sured duriiig venous infusions of 600 mM pyruvate or 
lactate into anesthetized intact dogs. Blood samples were 
drawn every 15 min from the coronary sinus and the 
carotid artery for measurements of glucose, lactate, pyru- 
vate, alanine, and O2, from which net myocardial extrac- 
tions could be calculated. Because pyruvate or lactate 
infusion had the effect of raising arterial blood pH (4)» the 
control level was intentionally set to <7.35. Although it 
was difficult to make an accurate measurement of intra- 
cellular pH from ^^P-NMR spectra in these experiments 
because of the changes in intracellular inorganic phos- 
phate (Pi) concentration, intracellular pH did not appear 
to change (19). Increasing the plasma pyruvate past ^9 
mM resulted in erratic heart beat and lowered preaaures. 
Heart function immediately stabilized on withdrawal of 
the pyruvate infusion, and this correlated well with filling 
plasma pyruvate concentration. Arterial pH did not fall 
within this stabilization period and therefore did noi cor- 
relate with heart function in these experiments. < 

Lactate and pyruvate extractions. Pjmivate extraction 
is rei>orted in Table 1 at four plasma pyruvate concentra- 
tions between basal (0.13 mM) and 5.26 mM {irtfksion 
period 3), although the maximum concentration' was 
higher in two experiments (Fig, 1). Pjrruvate extraction 
was approximately linear with pyruvate concentration <3 
mM, with an average initial slope of 0.154 ± 0.029 pmol/ 
(mM plasma • min" ^ • g wet wt ~ ^ ) (see Table 3); The entire 
data set can be linearized and fit to the Lineweaver-Burk 



Table h Pyruvate infusion 



Control 



Infusion Period 



[Pyruvate], mM in plasma 


0.13±0.027 


0.86±0.033* 


2.86±0.273* 


5.26±0.408* 


Range 


0.07-0.20 


0.79-0.92 


2.45-3.61 


4.11-5.86 


Pyruvate extraction, nmol min ' g wet wt ' 


0.018±0.008 


0.139±0.037t 


0.451±0.102+ 


0.581±0.067* 


[Lactate I, mM in blood 


l.03±0.16 


1.58±0.15t 


3.00±0.39* 


4.99±0.55» 


Lactate extraction, fimol min g wet wt ' 


0.068±0,024 


0.134±0.030t 


0.079±0.015 


0.034±0.012 


[Glucose], mM in blood 


3.96±0.17 


3.70±0.12 


3.48±0.13 


3.43±0.22 


Glucose extraction, ^mol min ' - e wet wt ~ ' 


0 123 ±0.042 


0.077±0.021 


0.057±0.013 


0.044±0.019 


[Alanine] , mM in plasma 




0.79±0.12 


0.88±0.18 


1.01±0.15 


Alanine extraction, ^mol min " ' g wet wt ' 




-0.001±0.009 


-0.020±0.0n 


-0.014±0.004 


MV02. ml min ' 100 g ' 


3.39±0,64 


3.70±0.69 


3.94±0.92 


3.26±0.62 


Heart rate, min ' 


111±7 


118±6 


128±8 


133±9 


Mean pressure, mmHg 


87±12 


104±19 


92±11 


81±11 


( oron&Ty smus hltwid f** 


'4- 1 


iH±4 




29±8 


pH (arterial) 




.i6±0.00.S* 


42±0.022' 


46±o.oi;r 


pH (mtracellular) 


12+0.03" 


12±0.038 


11 ±0.058 


' 06±0.091 


PCr/ATP 


i UiU 


i.U7±0.01t 


i 10±0.04t 


i.23±0.05t 



/aiues are meanet i 3E. 



4 for ttil values. Pyruvate and alanine are measured in plasma; iactaie and glucose are measured in biuud. Biuud 
pyruvate concentration can be estimated by multiplying plasma pyruvate by (1 - hematocrit) = 0.63. MV02. mitochondrial respiration; PCr, 
pho^hocreatine * P < 0 01; * P <r 0.05. 
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Arierial Plasma Pyruvate (mM) 

Fig. 1. Myocardial pyruvate extraction is plotted against arterial 
plasma pyruvate during a systemic infusion of pyruvate for each of 4 
experiments {A). Lactate extraction is also shown as a function of 
plasma pyruvate (B). 



equation. This yields an average correlation = 0.982 ± 
0.025. However, the V^^ax of 5.1 /imol niin~' -g wet wt"^ 
and KjTi of 39.4 mM plasma pyruvate estimated in this 
way are likely incorrect, since Eadie-Scatchard formalism 
yielded extremely nonlinear plots (40). Therefore, the ex- 
traction rates are thought to represent a composite of 
transport and intracellular phenomena and cannot easily 
be fit to first-order kinetic expressions. 

Lactate concentration in blood increased linearly with 
pyruvate infusion, with an average slope of 0,69 ± 0.09 
mM blood lactate/mM plasma pyruvate (see Table 3). 
When corrected for the hematocrit, this slope is —1. Lac- 
tate extraction by the heart is normally linear with blood 
lactate concentration (see Refs. 12, 25, and Fig. 2), but in 
these experiments it increases only until plasma pyruvate 
reaches '^1 mM and then decreases toward zero with 
increasing plasma pjnruvate (Table 1, Fig, IB). At no 
point was either net pyruvate or lactate released by the 
heart. 

During lactate infusion, lactate extraction increased 
with blood lactate concentration up to all concentrations 
achieved (2 experiments went to 25 mM). The data are 
summarized in Tables 2 and 3. Plasma pyruvate concen- 
tration increases approximately lineariy with blood lac- 
tate, and pyruvate extraction was approziidately linear 
with pyruvate concentration (Table 3). The slope was 
similar to the initial slope found when pyruvate was in- 
fused, indicating that although pyruvate inhibits lactate 
uptake, high arterial lactate seems to have little effect on 
pyruvate uptake. The ratio of the maximum slopes of 
pvrdvat^ and lactate uptake (vs. the appropriate sub 
strate) was 4 .'^ when corrected for hematocrit, indicating 
that under our conditions, pynivate was transported and 
metabolized by the heart much more efficiently than 
lactate. 

O2 and glucose extraction did not change significantly 
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Fig. 2. Myocardial lactate extraction was measured during systemx lac- 
Ute infitfion and is plotted vs. arterial bkwd lactate {Ah Pyruvate 
extraction was also measured in thcae animab (B). 

during pyruvate or lactate infusion. Alanine is a dinct 
prodiict of pynivate metabolism produced throu^ tnuHi- 
amination and can therefore be a route by whidi pynmte 
is transported out of the cell without entry into the T(/A 
cycle. During pyruvate infusion, alanine plasma ocmofn- 
tration rose linearly with pyruvate but much mora skiw^. 
The total rate of alanine accumulation was only ^5% of 
the rate of increase in plasma pyruvate. Net n^ocaidial 
alanine extraction was native at elevated pynivate mn- 
centrations, but the release of alanine never «meded 
--4% of pyruvate extraction. Lactate infusion did ' tot 
alter alanine extraction. 

High energy phosphates. The ^^P^NMR qiectra fjpire 
taken throughout the substrate infusions. Figure. 3C 
shows a q)ectnim taken in the basal period (0.1 mM 
plasnm pyruvate) and Fig. 3B at 8.8 mM irilasina pyruvate. 
Figure 3/1 is the difference between the two, indicating 
the relative increase in PCr and decrease in the Pi region. 
The difference spectrum is complex in this region, aince 
the intracellular Pi concentration Sails with pyruvate in- 
fusion, and the extnceilular Pi and blood 2g3-d9>lMMpbo* 
glycerol have different chemical ahifts due to an aUcalin* 
ization of the blood with pyruvate infusion (b, 31). ?i was 
estimated to £all progressively to <50% of its control 
value by 6 mM plasma pyruvate. PCr/ATP does not 
change with lactate infusion until very hi^ lactate levels 
are reached. The normalized values of PCr/ATP are given 
in Tables 1 and 2. 

The chemical shift of 0-ATP is sensitive to [Mg^^l, 
and it can be seen from the di^rsive behavior in Fig. 3A 
that a change in intracellular free [M^'*'] has occurred. 
Figure 4 shows that free [Mg^*] fell during both pyruvate 
and lactate infusion. This is an important obaervation, 
since the for the many metabolic reactions, indoding 
the PCr kinase reaction and therefore the ratio PCr/ 
ATP. is dependent on the [Mr^] (26). The values in Fig. 
4 were calculated using an NMR equilibrium constant 
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Infusion Period 





control 


/ 


2 


3 


[Lactate], mM in blood 


0.78±0.06 


4.31±0.07* 


10.5±0.2r 


17.5±1.1* 


Range 


0.67-0.89 


4.17-4.50 


10.2-11.1 


15.3-18.6 








(3) 


Lactate extraction, mhioI ■ min ' g wet wt~ ' 


0.037+0.007 


0.24±0.037* 


0.48±0.097t 


0.56±0.19t 








(3) 


[Pyruvate], mM in plasma 


0.088±0.025 


0.24±0,047t 


0.51+0.18 


0.75±0.24t 








(3) 


Pvnivatfk avtrartinn umol ■ min ~ ' * e wet wt " ' 


0.003±0.001 


0-020±0.006 


0.038±0.019 


0.077±0.024t 
(3) 


[Glucose], mM in blood 


3.77±0.14 


3.78±0.10 


3.90±0.08 


3.76±0 27 








(3) 


filucnse extraction umol * min ~ ' - b wet wt~ * 


0.082±0.028 


0.045±0.005 


0.065±0.016 


0.037±0.023 










(3) 


fAlttninpl mM in nlAAma 




0.77±0.19 


0.84±0.05 


0.79±0,05 




(3) 


(3) 


(3) 


Alanine extraction umol - min* * * n wet wt ~ ' 




0.009±0.023 


0.007±0.011 


-0.052±0.017 




(3) 


(3) 


(3) 


MVo.. ml*min~' 100 


2.15±0.47 


1.93±0.26 


2.28±0.55 


2.35±0.48 








(3) ' 


Heart rate, min ' 


90±2 


92±4 


102±9 


103±7 










(3) 


Mean pressure. mmHg 


89±12 


96±10 


78±6 


61±10 










(3) 


Coronary sinus blood flow, ml/min 


16±2 


18±5 


21±5 


20±4 










(3) 


pH (arterial) 


7.32±0.012 


7.36±0.0in 


7.38±0.011* 


7.40±0.009* 








(3) 




pH (intracellular) 


7.15±0.0O8 


7.16±0.0n 


7.14±0.33 


7.09±0.097 




(5) 


(5) 


(5) 


(3) 


PCr/ATP. . 


1.00±0.01 


1,00±0.02 


1.08±0.03 


M2±0.04t ' 




(6) 


(6) 


(6) 


(4) 



Values are means ± SE; n ~ 4 unless otherwise indicated by nos. in parentheses. Pyruvate and alanine are measured 
glucose are measured in blood. Blood pyruvate concentration can be estimated by multiplying plasma pyruvate by- (1 
• P < 0.01; t P < 0.05. 



in plasma; lactate and 
- hematocrit) » 0.63. 



[/CoiMg-ATP)] of 0.045 mM (15). The absolute value for 
the calculated free [Mg^^] is dependent on the choice of 
this constant, which varies a great deal in the literature. 
We chose this particular value because it jdelded free 
Mg^*^ concentrations that were similar to those estimated 
from the shift of citrate in the spectrum (5) of four of 
our experiments (2 in which [3-^^C]pyruvate was infused 
and 2 in which (3-'^C]lactate and unlabeled pyruvate 

Table 3. Regression data 



Slope 



V- Intercept 



Correlation 
Coefficient 



Pyruvate extract 
vs. plasma' pyruvate 

Blood lacUte 
vs. plasma pyruvate 

Lactate extract 

vs. blood lactate 
Plasma pyruvate 

vs blood lactatf 
' vruvate extract 
vs. plaama pyruvate 



Pyruvate infusion 

0.154±0.029* -0.020+0.012 

0.69±0.09 1.02±0.16 
Lactate infusion 



0.962±0.009 
0.990±0.004 



0.053±0.010»t 0.036±0.028 0.971±0.01 1 



u.()7±o.o2ri 



'001 ±0-002 0.861 ±0.090 



Values are means ± SE. n = 4 for ail analyses. Lactate is measured \n 
"'hole blood, and p>'n:vatc is measured in plasma. For direct compari 
sons, slopes measured vs. plasma pyruvate must be divided by 0.63. 
• Initial slope, t P < 0.01 vs. pyruvate extraction at elevated pyruvate 



were infused; see Figs. 6 and 7). The citrate chemical 
shifts gave an average of 778 ± 155 mM, which is sinUlar 
to that found in perfused rat heart (850 ± 100 /iM) using 
'^F-NMR and fluorinated magnesium chelators (32). We 
can compare this with the values we obtained from the 
ATP chemical shift at 5.26 mM pyruvate (498 ± 30 mM) 
and 10.5 mM blood lactate (451 ± 27 ^M). The disagree- 
ment of the ^^c-NMR citrate and the ^ip^NMR ATP 
measurements of magnesium is still significant, and its 
origin, is unknown. However, the qualitative direction of 
the changes in free [Mg^'*'] observed with pyruvate and 
lactate are reliable. 

[ADP] was calculated using the experimentally deter- 
mined free [Mg^+j and intracellular pH. Both [ADP] and 
free [Mg^^] are shown in Fig. 4. It can be seen that [ADP] 
falls progressively to 75% of the control when pyruvate is 
infused but does not change significantly when lactate is 
the infused substrate, even though PCr/ATP tends to rise 
at the highest lactate concentration (Table 2). 

Carbon- 13 NMR studies of lactate and pyruvate metab- 
olisnt The ^^C-NMR was used to determine the intra- 
f'ellular fate of extracted lactate and pyruvate. Dogs were 
prepared as for the -^^P-NMR experiments, except that a 
tatheter was placed in the LAD for infusion of [3^^Cj 
pyruvate or (3-*^C)lactate. Figure 5C is a 22.5-min natu- 
ral abundance ^^C-NMR spectrum of the dog heart in 
vivo. Figure 5B was taken between 45 and 67.5 min of an 
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Fig. 3. Phosphorus-31 nuclear magnetic resonance (NMR) spectra 
taken of dog myocardium in vivo during infusion of sodium pyruvate. 
Each spectrum was taken in 24 min with a 2-s (klay and was gated to 
respirator. Labeled resonances are a-, 0-, and y-ATP, phosphocreatine 
(PCr), 2,3 diphosphoglycerate (a), and 2,3*dipho&pho^ycerate and ex- 
tracellular (b), intracellular inorganic phosphate (Pi; c), and phosphod- 
iesters (d). C: taken during control period when arterial plasma pyruvate 
was 0.1 mM; B: accumulated at 8.8 mM plasma pyruvate.^: difference 
between the two, indicating relative rise in PCr and decrease in Pj and 
sugar phosphate regions. This region of spectrum is complex and rep- 
resents both a loss of intracellular phosphate and a shift of the 2,3- 
diphosphoglycerate resonances due to changing arterial pH. 




Fig. 4. Free intracellular (Mg^*] (solid bars) was Calculated from -^^P 
NMR chemical shifts of «- and ^-ATP and an NMR dissociation con- 
stant of 0.045 mM (15). |ADP) (hatched bars) was then calculated using 
these [Mg^^j values and PCr/ATP and intracellular pH during each 
infusion period as defined in Tables I and 2. * P < 0.05 vsi control (con); 
**P< 0.01 vs. control; # P < 0.05 vs. period 1. 

infusion of 0.10 mmol/min (3- *^C] lactate, and Fig. 5A is 
the difference of the two. This infusion rate was meant to 
result in arterial label levels of between 6 and 16 mM in 
the region of the apex, dependent on the rate of LAD 
blood flow (averaged 10 12 ml/min whenever measured 
in similarly prepared dogs: see Ref. 25). The resulting 
peaks are lactate, alanine, and C-1 to C-4 of glutamate 
and glutamine (G-1 to G-4). 
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Fig. 5. Carbon- 13 NMR spectra of a dog heart taken in vivo ifariiig 
control period (C) and during an infusion into Ml anterior desoeii '' 
arteiy (LAD) of 0.10 mmol/min [3->3C]lactate(B).Eac]iapectnimc 
prises 675 scans taken in 22.5 min with proton deiDOupling. Spotti 
eter was gated to respirator. In natural abundance spectn, mMthyl. 
double-bonded carbons* and carbonile carbons of fats are labcfed. A: 
difference between the two is shown. Resonances m lactate ihh alanine 
(A), and glutamate plus glutamine C-1 to Cr4 (Gl to G4). 

After a control period during which natural abundance 
spedra were obtained, oiie of three infbnon 
protocols was administered. In the fint, {3-^K:]lactate 
was infused into the at 0.10 mtf^fiam for 70 min 
(Fig. 6B).' Figure y'shows the resulting: q[)e(i^ two 
experiments wHen 0:10 xmnol/min of {3*T%]pyitiva was 
infused. The third set (Fig. 6A) was cbiidi^^ to deter- 
mine whether laciate lMnq[x>rt is affe^^ 
pyruvate, which inhibits net lactate up^Bdce:'Plaiuiui pypx- 
vate was raised through a graded ^temic infusion sim- 
ilar to that followed for ^^P-NMR experiments. When the 
difference between coronaiy-sinus and arterial blood lac- 
tate fell below its basal value (at an infusion tate of 0.9- 
1.05 mmol/min or ^^5 mM plasma pyruvate), [3-^%]- 
lactate was infused at 0.10 mmol/min for 45 min into the 
LAD. The systemic pyruvate infusion was maintained 
throughout the experiment. 

When (3-^^C]lactate is the only infused substrate, the 
visible peaks are lactate in blood and tissue, intracellular 
alanine, and glutamate C-2 (55.5 ppm), C-3 (27.9 ppm). 
( 4 (34.4 ppm), and C-1 (174.9 ppm, shown on Pig. 5A). 
The glutamine resonances overlap the glutamate reso- 
nances except for C-4, which would appear at 31.4 ppm. 
We do not see a separate peak for C-4 glutamine, but it is 
possible that this is due to subtraction error in the large 
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Fig. 6. Representative ^-'C-NMR spectra of In vivo dog heart taken 
during a continuous infusion of 0.10 mmol/min [3- '^C] lactate into 
LAD. Each spectrum consists of 512 scans taken with 2-8 delays with 
subtraction of a control. A\ unlabeled pyruvate (1 mmol/min) was in- 
fused simultaneously into jugular vein. Labeled metabolites include ala- 
nine <A), lactate (L)/glutamate and glutamine C-2 to C-4 (G2 to G4), 
and citrate (C). B: (3-' ^C) lactate was only infused substrate 

fat peak at this frequency. At 28.5 ppm^ [3-^^C]pyruvate 
would appear, which cannot be resoh^ed from the 
glutamate/glutamine C-3. This metabolite profile is 
somewhat different from that in the perfused heart in 
which only labeled glutamate is made from [3-^^C]lactate 
(41). It is possible that all. the label is shuttled into 
glutamate in the perfused heart through the high activity 
of the malate-aspartate shuttle, which is needed to oxi- 
dize the NADH made from lactate (41). Because labeled 
alanine also appears in our spectra, this may indicate a 
lower shuttle activity with lactate in vivo than in perfused 
heart. When [3-*''C]pyruvate is the infused substrate 
(Fig. 7), the resultant in vivo spectra are very similar to 
those obtained in the perfused heart (41). Citrate C-2 
appears at 46.5 ppm, and small aspartate peaks can be 
seen at 37,5 ppm and 53.1 ppm. The [3-*3C]lactate peak 
is very small; out of four dogs, the one shown in Fig. 7, top, 
had by far the largest lactate peak. When unlabeled pyru- 
vate and [3-^3Cllactate were infused together (Fig. 6A), 
citrate C-2 is visible, similar to when [3-^^C)pyruvate is 
the sole substrate. Under these conditions, however, the 
lactate-to-alanine ratio is high, perhaps partly due to a 
contribution from blood [3 ''^C] lactate The glutamate 
signal-to-noise ratio is much lower than when (3-''^C| 
lactate is the sole infused substrate, reflecting the reduced 
enrichment of intracellular compounds and a lower total 
glutamate concentration (Table 4, Ref. 41). 
The average time course of the signals measured in vivo 
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Fig. 7. pog heart spectra from 2 experiments in which {3-*'*p)pyruvate 
(0.10 mmol/min) was infused into LAD. Labeled metabolites are same 
as for Fig. 6. In addition, pyruvate (P) and aspartate C-2 tnd C-3 (S2, 
S3) are labeled. As can be seen. '-^C profiles taken in vivo varied a great 
deal between animals. 



Table 4. Enrichment of lactate, alanine, 
and acetyl'CoA with '^C in heart extracts 





Measured Enrichment 


Calculated . 


Infusion. . . 






Enrichment for 




Alanine 


LacUte 


Acetyl -Co A 


[3->''Cllactate 


a53±0.05 


0.59±0.04 


0.57±0.04 


[3-»'C]pyruvate 


0.41±0.09 


,0.23±0.01 


0.38±0.09 


(3-'3C)lactete + 






systemic pyruvate 


0.37±0.05 


0.41 ±0.06 


0.36±0.08 



Values are means ± SE» n = 3 for each group. Infusions were into left 
anterior descending artery unless otherwise indicated. Alanine and lac- 
tate enrichment were measured in *H -nuclear nu^etic resonance 
(NMR) spectra of heart extracts. Acetyl-CoA enrichments were calcu- 
lated from the splitting pattern of glutamate resonances in *T-NMR 
spectra pf heart extracts (29). 

are shown in Fig. 8» A and B, for lactate infused into four 
dogs. The areas of all peaks are normalized to alanine. 
Lactate and alanine reach a steady state by 25 min» and 
glutamate (plus glutamine) C-4 reached steady state by 35 
min. Incorporation of label into glutamate plus glutamine 
C-3 and C-4 continued as their intensities approached 
that of C-4. Four additional dogs were infused at the same 
rate with [3 '^Ipyruvate. The time course for the exper 
iment shown in Fig. 7. top, is shown in Fig. 9, A and B, 
Alanine, lactate, and citrate all reach a steady state 
within 25 min. Glutamate plus glutamine C 4 reaches its 
steady state by --30 min, and C-2 and C-3 approach 
steady state near 60 min, as with lactate infusion. The 
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Fig. 8. Average time courses of labeied compounds seen in vivo in *='C- 
NMR spectra of dog heart during infusion of 0.10 mmol/roin [3-'-*C)- 
lactate (n ~ 4 dogs). Peak areas were measured in 10-min spectra and 
plotted at midpoint time. A-. [3-*^C|lactate and t3-'''C]alanine signals, 
which reach steady-state values by 25 min. B: *-^C at glutamate and 
glutamine C-2, C-3, and C-4. C-4 reaches a steady-state enrichment by 
!^:{5 min, but C-2 and C-3 continue to increase throughout experiment. 

resonance at 28 ppm includes plasma pyruvate as well as 
C -3 glutamate and glutamine and is therefore the sum of 
at least two curves, one of which has a time constant 
similar to alanine and one similar to C-2 glutamate plus 
glutamine. Subtraction of the C-2 curve from the C-3 plus 
pyruvate curve yields an area for the steady state pyru- 
vate of 55% of sJanine in this animal. The results in vivo 
during infusion of labeled pyruvate are quite variable. 
Glutamate C-2, C-3, and C-4 are present in all four ani- 
mals, alanine was visible in 3, and a small resonance for 
lactate could be seen in only one (shown in Fig. 7). 

The enrichment with *^C was determined for alanine 
and lactate in proton NMR spectra of extracts of heart 
tissue freeze clamped at the end of the ^^C-NMR exper- 
iment. An example of a proton spectrum of a heart extract 
from a dog infused with [3-*^C)lactate and unlabeled 
pyruvate is shown in Fig, 10, and the results are reported 
in Table 4 (a = 3 for each group). In theory, the same 
measurement can be made for glutamate, but in practice 
these resonances are convoluted with those from 
glutamine and difficult to decipher. Malloy et al. (29) 
have shown that the labeling pattern of C-3 and C-4 of 
Kiutamate m *(^NMR spectra of extracts (Fig. 11) can 
he used to calculate the ^'^C enrichment of acetyl CoA 
entenng the TCA cycle under non-steady-state condi- 
tions, rhe acetyl CoA enrichment is equal to the area of 
the doublet in the C-4 multiplet at 34.4 ppm multiplied by 
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Fig. 9. Representative set of time courses taken during {3-'H^]|iynmte 
infusion (0.1 mmol/min). Compounds are same as in Fig. 8, esccfitUiat 
citrate is included. Time to steady state is similar to lactatr. infiirioB for 
alanine, citrate, and small lactate peak iA ). B: glutamate and gluUuiiuie 
C-4 also have a similar time course to that seen when [3-'X^]lacCate la 
substrate. C-2 and C-3 reach their steady-state areas by "^SO min. 
Diiference between C-3-glutamate plus pyruvate and C'2-ghjtMnate 
peak areas is intra- plus extracellular pyruvate, which presumably fol- 
lows a time course similar to alanine. 



the ratio of total ^^C at C-4 to that at C-3. Alamne is 
thought to be in steady state with pyruvate; if so, the two 
metabolite pools would have the same enrichment. As 
can be seen in Table 4, the enrichment of alanine is 
always, equal to the calculated acetyl CoA eoricfame&t. 
This is evidence that alanine and pyruvate do have sim- 
ilar enrichments and that oxidation of other substrates 
that enter the TCA cycle as acetyl CoA (fiatty acids or 
ketone bodies) is minimal when either lactate or pyruvate 
concentrations are high. This siqiports the observed abil- 
ity of lactate to inhibit fatty acid oxidation in hearts of 
intact dogs (7, 42). The lactate enrichment iL much lower 
than alanine enrichment when the label is infused as 
pypjvate, indicating that under these conditions the 
pyruvate pool is likely to be in equilibrium with alanine 
but not with cellular lactate. The low lactate enrich- 
ment in the heart extracts explains why the [3-^%]lactate 
signal is low in the heart in vivo during [3-^K!]pyruvate 
infusion. 

Lactate and p3rruvate are in constant exchange in the 
body, which makes whole body studies of lactate metab- 
olism by tracers very di£ficult (27, 49). Blood and heart 
tissue both act as mediators of this exchange (11, 13). To 
examine whether *^C exchange occurs between bkxxl 
pyruvate and lactate during the short transit time from 
the LAD infusion point to the apex where the NMR 
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Fig. 10. Methyl region of proton spec- 
trum of a perchloric acid extract of heart 
taken at 300 MHz» which consisU of 64 
8can8» 90* pulses, and lO-s interpulse de- 
lays. Dog was infused intravenously with 
1 mmol/min unlabeled pyruvate and in 
LAD with 0.10 mmol/min [3-^^C]lacUte, 
Unlabeled lactate methyl protons reso- 
nate at 1.33 ppm, and methyl protons of 
[3-^^Cjlactate are split with a J coupling 
constant of 128 Hz. Unlabeled alanine 
methyl protons are found at 1.48 ppm, 
and (3-*'*C]alanine methyl protons also 
show a J coupling of 128 Hz. Enrichment 
is ratio of 2 H-^'^C peaks to toUl area 
(H.»*C -f H-»2C). 



spectrum is taken* a catheter was placed on the surface of 
the heart in the venous return from the apex. Venous 
blood was sampled at 15 and 30 min of an LAD infusion 
of 0.10 mmol/min each of (3-^^C]lactate and unlabeled 
pyruvate in two dogs. The hearts were freeze clamped 
immediately thereafter. At 15 min, the enrichment of 
blood lactate was 64 ± 7% (5.7 ± 0.4 mM total) and that 
of blood pyruvate was 17 ± 5% (4.2 ± 0.1 mM total). At 
30 min, blood lactate enrichment was 66 ± 12% (5.6 ± 0.1 
mM total) and blood pyruvate was 18 ± 7% (4.3 ± 0.7 mM 
total). The error is expressed as SD between the two 
experiments. Therefore, considerable flux of label occurs 
between blood lactate and pyruvate in the short distance 
between the LAD and the yenous return from the apex, 
and the ^^C peaks measured in vivo may have contribu- 
tions of label from both. However, the label most likely 
traces the metabolic pattern due to the dominant sub* 



strate (Figs. 6 and 7). Alanine ^^C enrichment in the 
freeze-clamped hearts from these two experiments mis 34 
± 4%, which is similar to that measured in the r^^ted 
experiments in the third row of Table 4. This is weli over 
the enrichment of blood pyruvate, indicating that an ap- 
preciable amount of the label in these hearts comes from 
blood lactate. Pyruvate at these concentrations inhibits 
net lactate uptake (Table 1, Fig. 1), but these results show 
that the flux of lactate across the membrane and into the 
intracellular pyruvate pool is maintained. 

DISCUSSION 

There are several major observations in this study. The 
first is that similar to the perfused heart, the phosphor- 
ylation potential (ATP/ADP x Pj) of the myocardium 
was elevated during pyruvate infusion in vivo but not 
during lactate inf\^ion. This is especially surprising, 



Cr 




Fig. 11. Proton-decoupled >^C-NMR spectrum taken at 
75.47 MHz of perchloric acid extract of heart infiued only 
with (3->=*C]lacUte (0.1 mmol/min into LAD). This spec- 
trum was acquired with 90* pulse and 20-s interpulse delay 
without nuclear Overhauser effect development. Splitting 
pattern of glutamate C-3 and C-4 peaks was used to cal- 
culate "C enrichment of acetyl CoA entering TCA cycle by 
method of Malloy et al. (29). Labeled resonances are nat- 
ural abundance creatine (Cr) and taurine (T). and *^C- 
labeled glutBrnaU* (Glu 3 and 4). glutamine (CAn and 41 
:)t lactaU* and alanine (A) 
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since both compounds share a common metabolic fate. 
The second observation is that the elevated pyruvate pre- 
vented net lactate uptake, although no significant effect 
of lactate was observed on pyruvate extraction. Third, 
intracellular lactate and pyruvate were in equilibrium 
during lactate infusion but not when pyruvate was the 
substrate. Evidence for this is the small or absent 
lactate peak in the spectra taken in vivo during [3-^^C]- 
pyruvate infusion, at least partially due to the fact that 
intracellular lactate enrichment was only one>half that of 
pyruvate under these conditions. 

Unfortunately, it was difficult to quantitate changes in 
intracellular Pi and therefore to precisely calculate the 
ratio ATP/ADP X Pj. However, [ADP] could be calcu- 
lated from PCr/ATP and the intracellular free magne- 
sium ion (Fig. 4; Refs. 15» 26). [ADP] feU by 25% at the 
highest pyruvate infusion, indicating that the change in 
phosphorylation potential was at least as large. The small 
rise in PCr/ATP seen with lactate infusion was offset by 
a fall in free [Mg^"*^], and the calculated [ADP] was un- 
changed from control. These differences in phosphoryla- 
tion potential are unrelated to O2 extraction or heart 
work, which were essentially unchanged by either infu- 
sion. There are two sites where lactate and pyruvate may 
differ in their ability to change the phosphorylation po- 
tential: the mitochondrial redox state (24) or c3rtoplasmic 
NADH/NAD-^ (30, 46, 47). We and others (33; F. Heine- 
man and T. Scholz, unpublished r^ults) have found using 
surface fluorescence that the mitochondria are reduced to 
the same extent in perfused heart with either pyruvate or 
lactate as substrate. The difference in phosphorylation 
potential is therefore most likely linked to the action of 
the LDH equilibrium on the cytosolic redox potential. 
When pyruvate is converted to lactate, NADH is con- 
verted to NAD^, resulting in an overall oxidation of the 
cell (48). The redox state may in turn be linked to the 
high energy phosphate ratio through the action of the 
abundant glycolytic enzymes 3 -phosphoglycerate kinase 
and glyceraldehyde-3'phosphate dehydrogenase, which 
have a combined K^of 59 at neutral pH (30, 46, 47). A 
decrease in NADH/NAD^ would be expected to raise 
ATP/ADP X P,. Kingsley-Hickman et al. (22) have used 
^T-NMR saturation transfer techniques to estimate that 
the unidirectional rate of cytosolic ATP sjmthesis in glu- 
cose-perfused heart is 4.0 ^mol*s*^ g dry wt~^ or '^15 
times the maximal glycolytic flux, indicating that 
the activity of the cytoplasmic dehydrogenase-linked 
ATP synthase is high enough to keep its substrates in 
equilibrium. 

Why doesn't the phosphorylation potential fall with 
lactate infusion, which would be expected to increase the 

NADH/NAD^ ratio in the heart cytoplasm? The answer 
is unknown, but one could speculate that the redox state 
actually changes very little, either because increased lac- 
tate uptake is always accompanied by increased pyruvate 

iptakf or because of the high activity of the malate 
aspartate and a -glycerophosphate shuttles that transport 
M'.e cytosolic NADH produced during lactate metabolism 
into tiie mitochondria (39) 

We can address the first suggestion with reference to 
Tables 1 and 2. When plasma pyruvate was raised to 5.3 



mM, net lactate uptake was inhibited, and the ratio of 
extracted lactate/pyruvate fell to <2% of basal (Table 1). 
This is consistent with decreased intracellular [lactate]/ 
[pyruvate] and oxidation of the cytoplasm. Convendy, 
the ratio of extracted lactate tc pyruvate remained stable 
as blood lactate was raised. When lactate reached 17.5 
mM, the extracted lactate/pyruvate actual^ fell from 12 
to 7 (Table 2). If the intracellular [lactatel/[pynnrate] 
parallels the ratio of uptake of these compounds, the re- 
dox potential would not be expected to change apprecia- 
bly during lactate infusion. 

The malate-aspartate shuttle is known to be very active 
in the perfused heart. The importance of this shuttle has 
been demonstrated with specific inhibitors. When a^mr- 
tate transaminase, a key enzyme in the shuttle, is inhib- 
ited by amino-oxyacetate in lactate-perfused heart, 
NADH/NAD^ rises dramatically (39). Thus, during lac- 
tate infusion in vivo, a rise in NADU/NAD'*' may be 
minimized by the malate-aspartate shuttle. Kobayashi 
and Neely (23) suggest that lactate and ^ucose metabo- 
lism are ultimately limited by the rate at which cytoaoiic 
NADH is replaced by NAD^ through this shuttle. This 
shuttle may also explain why [3-^^C]lactate as the sole 
substrate gives rise primarily to labeled glutamate in the 
perffjsed heart, whereas [3-^^C]pyruvate also results in 
labeled alanine, citrate, and aspartate. Sheny et aL (41) 
suggested that the TCA cycle intermediates. are drained 
into the glutamate pool as NADH produced during lac- 
tate metabolism is shuttled into the mitochondkia. 

Our second observation is that although lactate and 
pyruvate extraction were both functions of circulating 
concentration, the fractional extraction of lactate was less 
than for pyruvate, and lactate extraction was attenuated 
at high pyruvate concentrations. There are data in the 
literature in support of several potential mechanisms for 
this inhibition of net lactate uptake. Pynwate may com- 
petitively inhibit lactate transport at the cell membrane 
(18, 37, 44, 45), balance lactate extraction with produc- 
tion from pyruvate through simple mass action (10), or 
inhibit LDH, preventing lactate from entering the pyru- 
vate pool (8). 

It has been demonstrated in cardiac sarcolenunal ves- 
icles that pyruvate and lactate are transported by the 
same pH-dependent monocarboxylate carrier (44, 45). 
Both are transported with a proton so that flux is accel- 
erated by a pH gradient toward the lower H'*' concentra- 
tion. The for tran^rt is much lower than that for 
lactate, and this has been measured in sarcolemmal ves- 
icles (4.0 mM for pyruvate vs. >27 mM for lactate; see 
Refs. 44, 45), isolated cardiac myocytes (<0.1 mM vs. 2.3 
mM for L-lactate; see Ref. 37), and in perfused heart, 
where the efflux of pyruvate as a function of its intracel- 
lular concentration is 15 times greater than the efflux of 
lactate (18). Excess pyruvate has been shown to be a 
competitive inhibitor of L-lactate tran^rt (44, 45). 
However, the data in Table 4 do not support limited 
transport as a mechanism for inhibition of lactate uptake. 
When (3^T)lactate is the only substrate infused, heart 
lactate, alanine, and acetyl CoA pools have the same spe* 
cific activity. When (3-*^C]lactate and unlabeled pyru- 
vate were infused together, net lactate uptake was low. 
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However, the specific activity of alanine and acetyl CoA 
were similar to when [3-^^C]pyruvate was the sole infused 
substrate, indicating appreciable lactate transport. 
Finally, the enrichment of lactete lags behind that of 
alanine and acetyl CoA when (S-^^Clpyruvate is the sub- 
strate, which shows that transport of unlabeled lactate 
across the membrane into the intracellular pool is fast 
compared with the flux of pyruvate to lactate under these 
conditions. This lack of LDH flux would explain why very 
little [3- ^^C] lactate is produced in the carbon spectra 
taken in vivo during [S-^^Clpyruvate infusion.These data 
suggest that LDH-driven flux between the intracellular 
lactate and pyruvate pools is fast under conditions where 
lactate alone or lactate and pyruvate are elevated together 
and slow (relative to lactate transport) when pyruvate is 
raised alone. Although usually thought of as an unregu- 
lated, near-equilibrium enzyme, it has been predicted that 
H-type LDH (78% of that found in heart) could be in- 
hibited in vivo. In studies of the isolated enzyme, a dead- 
end pyruvate-NAD^ complex slowly forms at physiolog- 

-•^-1 «r v%irt*«itrafA an/^ MAFi"*" TVllQ 

icoi twiicciinati\^*io V* pj*v»»Mvw . 

inhibition is immediately reversed when either lactate or 
NADH are added in vitro (8). LDH may therefore be 
inhibited by elevated pyruvate in vivo, yet coinfusion of 
[3-*^C)lactat€ (arterial levels between 6 and 16 mM) 
would raise the intracellular lactate enough to overcome 
this inhibition. Our data support the conclusion that 
myocardial LDH is a regulated enzyme with reduced 
activity in the presence of elevated pyruvate. 

In summary, the extraction, intracellular carbon, and 
high energy phosphate metabolism of lactate and pyru- 
vate were measured in vivo in the dog heart. Pyruvate 
fractional extraction exceeded that of lactate by a factor 
of 5, and elevated pyruvate severely reduced the net up- 
take of lactate but not its transport into the cell. Pyruvate 
also inhibits myocardial LDH, and lactate relieves this 
inhibition. Both substrates suppress oxidation of other 
molecules and cause intracellular free [Mg^"^l to fall but 
do not alter work output or O2 extraction. Pyruvate, but 
not lactate, results in a decrease in [ ADP] and an elevated 
phosphorylation potential. The change in phosphoryla- 
tion potential is therefore due to a cytosolic event, most 
likely the redox state. These data indicate that the phos- 
phorylation potential of the heart is a function of the 
cytosolic as well as mitochondrial energy state, and that 
this can be manipulated in vivo by choice of substrate. 
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